Introduction {#sec1-1}
============

Brachial plexus injury (BPI) is a severe peripheral nerve injury that results in complete or partial functional paralysis, and which may accompany mental disorders (Zhang and Gu, 2011; Yang et al., 2015a, b). Although peripheral surgery can be performed, understanding cerebral plasticity may be an option for promoting development of new treatments and interventions (Lundborg, 2000; Fraiman et al., 2016). Previous studies have mainly focused on cortical functional remodeling and connectivity. Moreover, animal studies have confirmed interhemispheric functional reorganization after complete nerve transection and surgical repair (Condés-Lara et al., 2000). Human brain imaging studies have corroborated these findings from animal models, showing loss of interhemispheric cortical inhibition after BPI (Hsieh et al., 2002). With the development of functional connectivity magnetic resonance imaging (MRI), a growing number of researchers are recognizing that brain regions are not independent, and instead perform their functions *via* complex network systems (Pawela et al., 2010; Brier et al., 2012; Liu et al., 2013).

Alterations in functional connectivity of distributed brain system in patients with BPI have recently attracted more investigative attention, yet it remains unclear whether peripheral nerve injury causes changes within the whole functional brain network. The small-world network is an important model for describing complex brain networks by specific features, namely high clustering coefficients (Cp) and average shortest paths (Lp) (Bullmore and Sporns, 2009). In addition, brain network connections can be measured by quantitative parameters (Bassett and Bullmore, 2006). Currently, a number of studies have demonstrated the complexity of brain networks with small-world network topology properties in healthy and diseased states (Liu et al., 2012; Ahmadlou et al., 2013; Bolaños et al., 2013).

Here, we hypothesized that: (1) both patients with BPI and normal controls would be characterized by small-world attributes; and (2) we also expected to demonstrate altered small-world parameters among patients and normal controls. This study compares changes in cerebral functional networks between patients with unilateral BPI and normal controls using resting-state functional connectivity MRI to investigate variable small-world parameters.

Participants and Methods {#sec1-2}
========================

Participants {#sec2-1}
------------

Our research was approved by the Medical Ethics Committee of Fudan University of China (approval No. 2016-060). Before the experiment, informed consent was provided by the subjects, who were all admitted to the Department of Hand Surgery, Huashan Hospital, Fudan University, China. The sample size was in accordance with a previous study (Guo et al., 2014). Eight male patients (right-handed, mean age: 27.9 ± 5.4 years) who suffered from unilateral BPI participated in this cross-sectional study. All were from Huashan Hospital, Fudan University. MRI scanning was performed one to six months after injury. Eight healthy right-handed and age-matched (mean age: 28.6 ± 3.2 years) subjects served as healthy controls.

### Inclusion criteria {#sec3-1}

Patients who met all of the following criteria were considered for study inclusion: total brachial plexus root avulsion diagnosed in accordance with a previous study (Zhang and Gu, 2011); and physical examination and electromyography of the affected upper extremity demonstrated lateral total brachial plexus avulsion injury.

### Exclusion criteria {#sec3-2}

Patients who met one or more of the following conditions were excluded from the study: contraindications of MRI; organic pathological brain changes; history of central nervous system disease, such as mental illness or stroke; or history of chronic diseases such as diabetes.

Preoperative resting-state functional magnetic resonance imaging (fMRI) was performed. The whole brachial plexus was exposed during surgery. Accurate diagnosis of total brachial plexus root avulsion was made during the operation (Yang et al., 2015a, b).

Demographic characteristics of the patients are shown in **[Table 1](#T1){ref-type="table"}**.

###### 

Demographic characteristics of the patients
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Data acquisition and preprocessing {#sec2-2}
----------------------------------

Images were collected on a MR scanner (3-Tesla, Discovery MR750; GE Medical Systems, Milwaukee, WI, USA), with the participants in a supine position and foam pillows used to avoid head motion. The subjects were in a blank state (not yet affected by experiences or impressions), lying on the examination table with their eyes closed but not asleep. Resting-state fMRI images were obtained using a gradient echo-planar imaging sequence. The parameters were as follows: repetition time: 2000 ms, angle acquisition matrix: 64 × 64, flip angle: 75°, echo time: 35 ms, slice thickness: 5 mm, interslice space: 0 mm, and field of view: 240 mm × 240 mm. Resting-state images were analyzed with a Graph-theoretical Network Analysis Toolkit (GRETNA, www.nitrc.org), based on Statistical Parametric Mapping (SPM)-8 (Version 8, implemented in Matlab 7.1.1 \[R2010b\]; <http://www.fil.ion.ucl.ac.uk/spm/>, provided by Department of Psychiatry, University of Jena, Jena, Germany). The first 10 images were removed to maintain magnetization equilibrium. First, slice timing in SPM8 was performed to eliminate differences in acquisition time for each aspect of the image. Second, conventional realigned time-series images were acquired by removing fMRI movement artifacts based on least squares and rigid body transformation. Third, normalization of resampled images was performed in a selected standard space (provided by the Montreal Neurological Institute) with voxel sizes of 3 × 3 × 3 mm^3^. The linear trend was removed after normalizing by detrending. Finally, high frequency noise was eliminated using a band-pass filter (0.01--0.08 Hz).

Anatomical parcellation and graph construction {#sec2-3}
----------------------------------------------

Before constructing functional networks, the whole cerebrum was divided into 90 symmetrical areas using the automated anatomical labeling atlas (Tzourio-Mazoyer et al., 2002). Signals were obtained of all voxels among every area of mean time series. Linear regression was then used to remove covariants, specifically, head movement parameters, white matter, and cerebrospinal fluid signal. A partial correlation matrix (R) between every pair of brain areas was acquired by calculating Pearson\'s correlation coefficient. Fisher\'s transformation was then applied. By choosing the threshold sparsity, the paired correlation matrix was transformed into binary matrices. Every correlation matrix was repeatedly obtained in a chosen width of sparsity: 10--46% with intervals of 0.01. Binary graphs were obtained from the sparsity threshold, in which brain regions were expressed in nodes and functional relationships between brain regions expressed in edges (Yao et al., 2015; Bassett and Bullmore, 2016; Muldoon et al., 2016).

Small-world analysis {#sec2-4}
--------------------

Four parameters were used to depict whole topological properties of the global cerebral resting-state functional network: Cp, Lp, normalized Cp (γ), and normalized Lp (λ). Cp is defined as the average clustering coefficient of all nodes in the network. The clustering coefficient, Ci, of node I was calculated as Ci = 2Ei / Ki × (Ki -- 1), where Ei represents the number of edges existing between node I\'s neighbor nodes, and Ki the degree of node i. Lp is the average number of edges along the shortest path for all possible pair of nodes. Full Unicom\'s network is a fully connected mesh network with a direct link in each node. However, within the non-full Unicom\'s network, there is no connection between two nodes, and the Lp of such nodes that do not connect to each other is infinite. Accordingly, Newman (2003) proposed to use the harmonic mean path between these network nodes to measure Lp and avoid this problem. Cp represents the level of local information transfer efficiency in a network, while Lp measures global efficiency of the brain network (Latora and Marchiori, 2001). The small-world network is an important model for describing complex brain networks with the criteria: γ \> 1 and λ ≈ 1 (Watts and Strogatz, 1998) or σ = γ / λN1 (Humphries et al., 2006). To test small-world characteristics, normalized γ = Cpreal / Cpr and normalized λ = Lpreal / Lprand were calculated (Bullmore and Sporns, 2009). Cpreal and Lpreal represent Cp and Lp of real networks, respectively. The matched random network has the same number of nodes, edges, and degree distribution as the real network. Cprand and Lprand are the corresponding indices of random networks by repeating 100 times (Maslov and Sneppen, 2002; Milo et al., 2002). Cprand and s of Lprand are used to calculate Lp and Cp, random network node and edge number, and distribution network with true equality (Bassett and Bullmore, 2006; Shim et al., 2014; Muldoon et al., 2016).

Statistical analysis {#sec2-5}
--------------------

GraphPad prism v5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used to calculate group differences in topological properties of the global cerebral functional network, with Cp and Lp assessed using two sample *t*-tests (*P* \< 0.05). This test procedure was practiced at each selected threshold value (0.1--0.46) to obtain statistical differences between the two groups.

Results {#sec1-3}
=======

Small-worldness of brain networks in patients with BPI and normal controls {#sec2-6}
--------------------------------------------------------------------------

Both γ and λ were calculated in patients with BPI and controls. Sparsity was set at 0.1--0.46, with intervals of 0.01. Both groups showed γ = Cpreal / Cprand \> 1 and λ = Lpreal / Lprand ≈ 1, showing that both groups meet the small-world criteria (**[Figure 1](#F1){ref-type="fig"}**).

![Whole topological properties of the global cerebral resting-state functional network: λ and γ in patients with brachial plexus injury and normal controls.\
Under sparsity conditions of 0.1--0.46, both groups showed γ = Cpreal / Cprand \>1 and λ = Lpreal / Lprand ≈ 1.](NRR-13-1061-g003){#F1}

Altered small-world properties of both groups {#sec2-7}
---------------------------------------------

Next, we calculated Cp and Lp, and compared them between patients with BPI and controls using two sample *t*-tests. In both groups, Cp increased while Lp decreased along with increasing threshold. In patients with unilateral BPI, Cp was significantly lower compared with healthy controls: 0.11 ≤ sparsity ≤ 0.4 (*P* \< 0.05; **[Figure 2](#F2){ref-type="fig"}**). Meanwhile, significant differences were detected with average Lp: 0.1 ≤ sparsity ≤ 0.23, with Lp being higher in patients than controls (**[Figure 3](#F3){ref-type="fig"}**).

![Average clustering coefficient of all nodes in the brain network: Cp in patients with brachial plexus injury and normal controls.\
Clustering coefficient (Cp) of patients with unilateral brachial plexus injury was significantly lower compared with healthy controls: 0.11 ≤ sparsity ≤ 0.4 (*P* \< 0.05).](NRR-13-1061-g004){#F2}

![Average number of edges along shortest paths for all possible pair of nodes in the brain network: Lp in patients with brachial plexus injury and normal controls.\
Significant differences were detected for average shortest path (Lp) at 0.1 ≤ sparsity ≤ 0.23, with Lp of brachial plexus injury patients being higher than controls.](NRR-13-1061-g005){#F3}

Discussion {#sec1-4}
==========

Graph-based network analysis is becoming an important fMRI method (He et al., 2008; Wang et al., 2010; Zhou and Lui, 2013; Yao et al., 2015). Graph theory is based on graphically representing the complexity of the brain by nodes and edges (Oliveira, 2012; Bassett and Bullmore, 2016). Small-world network models are important for characterizing complex brain networks. Previous studies have shown that healthy people, and even patients with Alzheimer\'s disease (Liu et al., 2012; Dennis and Thompson, 2014; Jia et al., 2016) or attention-deficit hyperactivity disorder (Wang et al., 2009; Jacot et al., 2016), have complex and highly efficient neural architectures, with maximum capacity to process information with large Cp and short Lp. Here, both groups showed efficient small-world structure with sparsity setting at 0.1--0.46. Thus, although peripheral nerve injury induces removal of sensory inputs and blockage of motor output activity, there is no obvious influence on effective information transfer of the whole brain network. This is the first time that topological properties of the whole cerebral network have been studied in patients with BPI.

Graph theoretical analysis reveals abnormalities in multiple network attributes. It has been shown that small-world network properties, such as Cp, decrease significantly in patients with AD, implying disrupted local network connectivity (Supekar et al., 2008). Besides, Lp decreased significantly in patients with medial temporal lobe epilepsy (Liao et al., 2010). Similarly, internal characteristics of brain small-world networks have changed. We found that patients with BPI have smaller Cp and larger Lp within a wide sparsity range. Cp measures local information transfer capability of a network. A smaller clustering coefficient, indicating relatively sparse local connection of brain networks, reflects inferior processing ability of local information in patients with BPI. Lp represents global efficiency of brain networks. Longer Lp may indicate that information interactions between brain regions are slower and less efficient in patients, because information is exchanged *via* more steps. This was the first time that changes in a global cerebral small-world network have been investigated in patients with peripheral nerve injury. Accordingly, resting-state functional brain connectivity features have been identified, which will facilitate our understanding of complex brain networks.

Loss of afferent input causes interruption of interhemispheric sensorimotor cortical connectivity (Qiu et al., 2014) and reduced functional connectivity between bilateral primary motor cortex after brachial plexus root avulsion (Liu et al., 2013). Altogether, these results show reduction of long distance brain function connectivity in BPI sufferers. In addition, resting-state MRI showed an altered local functional network in patients with BPI compared with healthy subjects in the bilateral fronto-parietal network, sensorimotor network, and executive-control network (Feng et al., 2016). Consequently, smaller Cp and longer Lp suggest significantly disrupted local and global network connectivity in sufferers with brachial plexus nerve avulsion compared with control subjects.

This study has limitations. Only eight subjects were recruited and a study with a larger sample size is needed. Additionally, it is known that functional reorganization occurs after BPI and contralateral C~7~ nerve root transfer. However, it is still unknown how the topology of the global cerebral resting-state functional network changes after nerve repair, which may be associated with brain functional reorganization after BPI. It is noteworthy that right BPI induced a greater extent of brain functional reorganization than left injury (Feng et al., 2015). To avoid this, the patients in our study all experienced right BPI and differences in the brain network of patients with unilateral BPI depends on further investigation.

This is the first study to examine the topology of the global cerebrum in patients with unilateral BPI. Our results suggest that effective small-worldness of brain functional networks is not changed in patients, while internal characteristics of brain small-world networks are varied. This study may help understanding of functional reorganization after BPI from the perspective of networks.
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